Abstract: Complex curved surface parts are widely used in important fields such as aerospace, energy and power. In the machining process for the curved features of the parts, the contour-following error of the CNC (computer numerical control) system is increasingly significant due to the existence of servo delay for the feed-drive system and the dynamics mismatch between each axis. Then, the formed contouring error will directly affects the machining quality of the complex curved surface parts. To reduce the contour-following error, this paper presents a cross-coupled controller with tracking-error compensation. First, the tracking error for each feed axis is compensated in real time. On this basis, the numerical efficient contouringerror estimation method is utilized and the proportional cross-coupled controller is integrated with the tracking-error compensator. By using this method, the tracking error and contouring error can be synergistically reduced and the contour accuracy of the CNC system can be dramatically improved. Results of the verification tests demonstrate the feasibility of the presented approach, and the presented approach is significant for high-speed and high-precision machining of complex curved surface parts.
Introduction
Contour-following tasks are widely applied in computer numerical control (CNC) machining of parts with complex curved surfaces [1, 2] . With the growing application of such complex parts with curved features in important fields such as aero-space, energy and power, the contour-following accuracy becomes increasingly significant for ensuring the required profile precision of such parts. However, due to the existence of servo delay for the feed-drive system, the tracking error of each feed axis, defined as the lag value from the actual position to the desired position, is nonignorable during high-feed-speed machining [3, 4] . As such, the contouring error, defined as the orthotropic distance between the actual motion positions to the desired contour, will be formed when following a curved machining toolpath of the complex parts, and this is unfavourable to the profile accuracy of such parts [5] . As a consequence, improvement of the contour-following accuracy of the CNC machine tools is of great significance for high-speed and high-precision machining of parts with curved surfaces.
The methods that can be utilized for improving contour accuracy can be mainly divided into two categories. The first category aims at reducing the tracking errors for every axes thus improving the contour accuracy in an indirect way, while the second one concentrates on reducing the contouring error directly.
In order to decrease the tracking errors of individual axes, Tomizuka [6] designed a zero phase error tracking controller (ZPETC) for CNC systems. Using the ZPETC, tracking error of each axis can be reduced by adding a reversed feed forward controller to the feed-drive system for cancelation of zeros and poles. As an improvement, Torfs [7] et al. extended the bandwidth of the ZPETC later. In addition, Zhang et al. [8] also improved the tracking accuracy by proposing of an iterative tracking-error pre-compensation approach. Although these methods can improve the tracking accuracy effectively, reduction of the tracking error for each single axis does not necessarily lead to the reduction of the contouring error for free-form curved contours, and vice versa [9] .
To control the contouring error directly, Srinivasan et al. [10] designed a crosscoupled controller (CCC) for a biaxial motion system. In this method, the CCC was added among the two axes to harmonize their movements thus reducing the contouring error in spite of the tracking errors of the two axes. Later, a number of modified forms of CCC were widely researched and developed [11] [12] [13] [14] . For these kinds of methods, the contouring error is first calculated and then used for contour control. Although computing of the contouring error for linear or circular paths in real time is effortless, it is a difficult or even an impossible task for free-form parametric curves because time-consuming algorithms should be used to calculate the point-tocurve distance [15] . In real application, estimation value of the contouring error is used as an alternative. However, it is hard to estimate the contouring error precisely when the tracking error of each single axis is relatively large, which may degrade the performance of the contour controllers.
Based on above analysis, it can be seen that more precise contouring-error control approaches remain in urgent need. This paper presents a contouring-error reduction method by combination of tracking-error compensation and cross-coupled control. The tracking error for each axis of the motion system is first compensated and the compensation value is derived according to the close-loop transfer function of the system. After tracking-error compensation, the tracking accuracy can be improved, which not only benefits the contour accuracy, but is also conductive to the improvement of contouring-error estimation precision. After the tracking-error compensation, the CCC is adopted for further direct improvement of the contour accuracy. Finally, performances of the presented contouring-error reduction approach are evaluated by simulation tests. By using this method, the tracking and contouring accuracy of the CNC systems can be simultaneously enhanced, which is significant for high-speed and high-precision machining of complex parts with curved features.
The reminder of this paper is organized as follows. The tracking-error compensation method is presented in Section 2. The cross-coupled control method for contouring-error control is introduced in Section 3. Section 4 illustrates the results of the verification tests. Conclusions are summarized in Section 5.
Compensation of The Tracking Error
For a positional close-loop feed-drive system with the model shown in Fig.1 , the close-loop transfer function can be derived as:
WhereR(s) and P(s) are respectively the desired reference and the actual output of the feed axis in s domain; Kp is the position-loop proportional gain; J and B are the equivalent rotational inertia and the equivalent damping factor of the feed-drive system, respectively. By letting
, the transfer function can be expressed as a typical second-order system: 
In order to realize the tracking-error compensation, the actual output is expected to equal to the desired input reference, i.e. P(s) =R(s), when adding a compensation value ΔR(s) to the command reference. Accordingly, the following relationship is prospected to be satisfied:
By substituting Eq. (2) to Eq. (3), the following equation can be obtained:
Thus, the tracking-error compensation value in time domain Δr (t) can be derived according to Eq. (4) using reverse Laplace transformation as:
Where (t) is the input command reference of the corresponding feed-drive system in time domain. As a result, the first and second order derivatives of r (t) in Eq. (5) can be seen as the velocity v (t) and acceleration a (t) of the corresponding axis, respectively. Hence, the Eq. (5) can be rewritten as:
Thus, the tracking-error compensation value for each axis can be calculated using Eq. (6) according to the v (t) and a (t) obtained from the interpolator for the corresponding axis. By adding the compensation value to each axis in real time, the tracking error can be effectively reduced.
Cross-coupled Control with Tracking-Error Compensation
After tracking-error compensation, the contouring error can be easily estimated because the tracking errors for every axes are all small values. Therefore, the tangential approximation method is utilized here. Denote the command federates of x and y axes as vx and vy, respectively, thus the feed-direction vector of the desired contour can be expressed as V= [vx, vy] . Consequently, the unit tangential vector of the desired path can be computed as:
Denote the desired motion position and the actual motion position as R and P, respectively. According to the geometric relationship shown in Fig. 2 , the estimated contouring-error vector ε can be derived as: According to the estimated contouring error, the control values for the feed axes can be obtained as:
Where Kc is the proportional cross-coupled gain; ΔCx and ΔCy are respectively the xaxis and y-axis cross-coupled compensation values. The model of the cross-coupled controller with tracking-error compensation is illustrated in Fig. 3 . By combination of the tracking-error compensation and the cross-coupled control, the contour accuracy of the CNC systems can be effectively improved. 
Verification Tests
In this section, simulation tests are conducted to verify the feasibility of the presented contouring-error reduction approach. A two-axis feed-drive model with the structure shown in Fig. 1 is established in MATLAB/Simulink, and the utilized parameters are illustrated in Table 1 . An eight contour shown in Fig. 4 is employed here for the tests. The testing results are provided in Figs. 5-8 . The maximum tracking error for x axis is decreased from the original 0.7041 mm to 0.2592 mm after CCC with trackingerror compensation, while that for y axis is decreased from 0.7500 mm to 0.2383 mm. The maximum contouring error before CCC is 0.0918 mm, while that after CCC and tracking-error compensation is reduced to 0.0156 mm. As a consequence, the feasibility of the presented approach is demonstrated. 
Conclusions
In this paper, a contouring-error reduction method by combination of tracking-error compensation and cross-coupled control is presented. First, the tracking-error compensation approach is given. Then, the cross-coupled controller with tracking-error compensator is provided. From the simulation results it can be seen that the presented method can simultaneously improve the tracking and contouring accuracy, which is significant for high-speed and high-precision machining of parts with curved features.
